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[57] ABSTRACT

A temperature compensating capacitor of monolithic or
multilayered configuration comprising a dielectric ce-
ramic body and at least two electrodes buried therein.
The ceramic body 1s composed of a major ingredient
expressed by the formula, {(Sr;_x_,CayM})O};.
(T _,Zr;)O7, where M is at least either of magnesium
and zinc, and where X, vy, k and z are numerals 1n the
ranges of zero to 0.995 inclusive, 0.005 to 0.100 inclu-
sive, 1.00 to 1.04 inclustve, and 0.005 to 0.100 inclusive,
respectively. To this major ingredient is added a minor
proportion of a mixture of hthium oxide, silicon dioxide,
and one or more metal oxides selected from among
barium oxide, magnesium oxide, zinc oxide, strontium
oxide and calctum oxide. For the fabrication of capaci-
tors the mixture of the above major ingredient and
additives in finely divided form are formed into mold-
ings of desired shape and size, each with at least two
electrodes buried therein. The moidings and electrodes
are cosintered in a reductive or neutral atmosphere and
then are reheated at a lower temperature in an oxidative
atmosphere. The cosintering temperature can be so low
that nickel or like base metal can be employed as the
electrode matenal.

O Claims, 2 Drawing Figures
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LOW TEMPERATURE SINTERED CERAMIC
CAPACITOR WITH A TEMPERATURE
COMPENSATING CAPABILITY, AND METHOD
OF MANUFACTURE

BACKGROUND OF THE INVENTION

Our invention relates to solid dielectric capacitors,
and more specifically to ceramic capacitors such as
those of the monolithic, multilayered configuration that
- are capable of manufacture by cosintering at sufficinetly
low temperatures to permit the use of base metal elec-
trodes, and to a process for the fabrication of such low
temperature sintered capacitors. The ceramic capaci-
tors of our invention are particularly notable for their
temperature compensating capability, having a practi-
cally constant temperature coefficient of capacitance in
the normal range of temperatures in which they are
intended for use.

We know several conventional ceramic compositions
calculated to permit the use of base metal electrodes in
the manufacture of monolithic, multilaredceramic ca-
pacitors by cosintering of the base metal electrodes and
the dielectric ceramic bodies. Among such known ce-
ramic compositions, and perhaps most pertinent to our
present invention, are those described and claimed in
Japanese Laid Open Patent Application No. 59-227769,
which compositions comprise a major proportion of a
primary ingredient expressed by the {ormula,
{(Sr1_xCax)O}+TiO2, and minor proportions of lithium
- oxide (Li20), silicon dioxide (SiO), and one or more of
barium oxide (BaO), calcium oxide (CaO), and stron-
tium oxide (SrQ). In the manufacture of ceramic capaci-
- tors the dielectric bodies of these known compositions
‘are sinterable in a reductive atmosphere, so that elec-
trodes of nickel or like base metal can be employed and

buried in the dielectric bodies for cosintering to matu-

- rity without the danger of oxidation. The resulting ca-

pacitors have a remarkable temperature compensating
capability.

However, the temperature compensating capacitors
of the above known ceramic composition are unsatisfac-
~ tory in that their Q factors are less than 4400 when their
temperature coefficients of capacitance are in the range
of —1000 to + 350 parts per million (ppm) per degree
centigrade (C.). We have been keenly aware of great
demands on temperature compensating ceramic capaci-
tors of higher performance characteristics and smaller
size.

SUMMARY OF THE INVENTION

- We have hereby discovered how to improve the
performance characteristics, particularly Q factor and
resistivity, of the temperature compensating ceramic
capacitors of the class under consideration.

Stated briefly in one aspect thereof, our invention
provides a low temperature sintered solid dielectric
capacitor comprising a dielectric ceramic body and at
least two electrodes in contact therewith. The dielectric
ceramic body consists essentially of: (a) 100 parts by
weight of {(Sr_x— yCaxMy)O}k(Til _z217)O7, where M
- 18 either or both of magnesium (Mg) and zinc (Zn), X 1s
a numeral in the range of zero to 0.995 inclusive, y a
numeral in the range of 0.005 to 0.100 inclusive, k a
numeral in the range of 1.00 to 1.04 inclusive, and z a
numeral in the range of 0.005 to 0.100 inclusive; and (b)
0.2 to 10.0 parts by weight of an additive mixture of
L1oO, S10,, and at least one metal oxide selected from
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the group consisting of BaO, magnesium oxide (MgQ),
zinc oxide (ZnO), SrO and CaO. The relative propor-
tions of Li>O, Si0O; and at least one selected metal oxide,
altogether constituting the additive mixture, will be
specifically determined in connection with a ternary
diagram attached hereto.

The ceramic capacitor of our invention, having its
dielectric body formulated as set forth in the foregoing,
has proved to be very well suited for temperature com-
pensating applications in oscillator and other circuits.
The test capacitors manufactured in accordance with
our invention had Q factors of 4500 or more and resis-
tivities of 1.0X 107 megohm-centimeters or more while
at the same time their temperature coefficients of capac-
itances were both in and outside the range of — 1000 to
+350 ppm per degree C. It is therefore possible to
reduce the size of the prior art ceramic capacitors of the
noted compositions without sacrifice in their perfor-
mance characteristics.

Another aspect of our invention concerns a method
of fabricating the above defined ceramic capacitor. The
method dictates, first of all, the preparation of a mixture
of the above indicated proportions of the major ingredi-
ent and additives 1n finely divided form. This mixture is
then molded into a body of desired shape and size,
which 1s provided with at least two electrode portions
of an electroconductive material in any convenient
manner. Then the molding with the electrode portions
1s sintered in a nonoxidative (i.e. reductive or neutral)
atmosphere and 1s subsequently reheated 1n an oxidative
atmosphere.

We recommend a temperature range of 1000° to
1200° C. .for sintering the dielectric molding. This tem-
perature range 1s sufficiently low to permit the cosinter-
ing, in a reductive or neutral atmosphere, of nickel or
like base metal electrodes on the dielectric molding
without the likelihood of the flocculation or diffusion of
the base metal.

The above and other features and advantages of our
invention and the manner of realizing them will become
more apparent, and the invention itself will best be
understood, from a study of the following description
and appended claims taken together with the attached
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sectional representation of a monolithic,
multilayered ceramic capacitor in accordance with our
invention, the illustrated capacitor being representative
of numerous test capacitors fabricated 1in the Examples
of our invention to be presented subsequently; and

FIG. 2 is a ternary diagram depicting the relative
proportions of the additives of the ceramic composi-
tions in accordance with our invention.

DETAILED DESCRIPTION

We have illustrated in FIG. 1 one of many monolithic
ceramic capacitors of identical construction fabricated
in the subsequent Examples of our invention by way of
a preferable embodiment thereof. Generally designated
10, the representative capacitor is shown to have an
interlamination of three dielectric ceramic layers 12 and
two film electrodes 14. The three ceramic layers 12
constitute in combination a solid dielectric body 15
having the low temperature sintered ceramic composi-
tions in accordance with our invention. The two film
electrodes 14, which can be of a low cost base metal
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such as, typically, nickel, extend from the opposite sides
~of the dielectric body 15 toward, and terminate short of,
the other sides of the dielectric body and so have an
overlapping, parallel spaced relation to each other. A
pair of conductive terminations 16 contact the respec-
tive film electrodes 14. Each termination 16 is shown to
comprise a baked on zinc layer 18, a plated on copper
layer 20, and a plated on solder layer 22.

‘Typically, and as fabricated in the subsequent Exam-
ples of our invention, the intermediate one of the three
dielectric layers 12 has a thickness of 0.02 millimeter.
The area of that part of each film electrode 14 which
overlaps the other film electrode 1s 25 square millime-
ters (5 X5 millimeters).

Examples

We fabricated 95 different sets of test capacitors, each
constructed as in FIG. 1, some having their dielectric
bodies formulated in accordance with the ceramic com-
positions of our invention and others not, and measured
their electrical properties. Table 1 lists the compositions
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of the dielectric bodies of all the test capacitors fabri-
cated.

We have defined the major ingredient of the ceramic
compositions in accordance with our invention as
{(Sr1—x—,CaxM,;)O}i(Ti;—.Zr;)O;. Accordingly, in
Table 1, we have given various combinations of the
atomic numbers k, X, y and z in the formula to indicate
the specific major ingredients employed in the various
Tests. Since M can be either or both of Mg and Zn, we
have given the relative proportions of the two metals
wherever both of them are employed. The ceramic
compositions of our invention further include mixtures,
in various proportions, of additives L1;0O, SiO; and a
metal oxide or oxides (MQO). Table 1 specifies the
amousnts, in parts by weight, of the additive mixtures
with respect to 100 parts by weight of the major ingre-
dient, as well as the relative proportions, in mole per-
cent, of the additives L1,Q, S10> and MQ. Further, since
MO can be any one or more of BaO, MgO, ZnQO, SrO
and CaQ, Table 1 gives the relative proportions, in mole
percent, of these metal oxides, wherever one or more of
them are employed.

TABLE 1

Ceramic CﬂmEnsitinns

_ Additives _ .

Major Ingredient (100 wt. parts) Composition MO
Test — Amount (mole %) _ __ _(mole %)
No. Kk X Mg Zn Total z (wt. part) L1nO Si0; MO BaO MgO ZnO SO CaO
1 1.0 0.37 001 001 0.02 0.05 2.0 0 65 35 20 20 20 20 20
2 " ' ! " o ' " " 60 40 ' ' '’ '’ '
3 " “ " " " o i 5 50 45 '’ ' "’ a "
4 ” * Y i " ' ! 235 50 25 ' " ' " "
5 ' ! ' o o ' " 50 50 0 — — — —_ —
& " & 4 25 75 0 - = = = —
7 o ' o o '’ ' 15 70 15 20 20 20 20 20
8 ' " " " ! " " 80 5 " "’ " a "
9 ' " " * ' " ' 10 75 IS5 ” " i ' !
10 " " " " ! ” o O 70 30 ' " " " "
11 '’ ' a ' ! ' '’ 10 45 45 ' " ' ' "
12 ' i & i ' '’ 25 40 35 ' ! ' " "
13 ' ' " " " ' o 35 45 20 ' " ' ' '
14 ' " '’ " " ' 50 45 5 " '’ ' ' ;
15 e & & 10 65 25 100 — @~ = -
16 ' " o " ' " " " ' — 100 — — —
17 ' ' # & " i " " i ' — -— 100 — —
18 ' " " " " ' '’ o " ' — — — 100 —
19 " N " " " ' " " " " — —_— —_ — 100
20 " ' " " " ' " " " ' 20 20 20 20 20
21 ' ' " " & & " 5 60 35 —— 30 30 20 20
22 " ' " " " a o 10 55 ' 30 — 30 20 20
23 " o o & & 20 " 25 20 30 — 30 20
24 " ' ' '’ o ' '’ 60 20 20 20 30 — 30
25 ' " " " ' ! '’ 25 65 10 20 20 30 30 —
26 " " " ' ' ' '’ 35 55 ' 10 i0 40 20 20
27 & & "6 0 09— 9= = — —
28 1.01 O " " ' ” '’ 10 60 30 20 20 20 20 20
29 " 0.3 ! " " " " g ” " " o " " "
30 " 0.38 " " " ! ” " " " " " " " "
31 ' 0.6 " ' ' " "’ '’ " ' ! ! o ' '
32 " 098 “ g " " " " ” " " . " " "
33 ' 0.38 0 0 0 0.03 't 15 50 35 ' " o ' "
34 " 0.002 " 0002 ' " '’ ' ' " ' ' '
35 " " 0.005 " 0.005 " i '’ " " " " " ' a
j6 " 001 0.01 " ' ' ! " ' ' ' ' '
37 " “ 005 " 0.05 " " " " " " " " a a
38 " " 0.10 " 0.10 " '’ '’ '’ i ' '’ ' ' '
39 ' 0.12 " 0.12 " o ' " " ' "’ ' ' a
40 " " 0 0.002 0.002 0.05 ' 25 55 20 ' '’ " " "
41 " " ' 0.005 0.005 ' ' ' " " ' " ” " '
42 " " ' 0.01 0.01 '’ ' ' " " " ' ' " !
43 " " '’ 0.03 0.03 ” ' ” " " " H ” " "
4 " ' ' 0.05 0.05 o " ' N " " ' " '’ '
45 " ' ' .10 0.10 ' " Y a ' ' " o ' !
46 ' ' .12 0.12 ' " "’ " " ' " ' ’ '
47 - " ' 0.005 0.005 0.01 " ' 40 50 10 ' "’ ' o .
48 " ; 0.01 0.01 0.02 " a i i " " N " ’ "
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TABLE 1-continued
Ceramic Compositions
o Additives
Major Ingredient (100 wt. parts) Composition MO
Test - y Amount  (mole%) = (mole%)
No. k X Mg Zn Total =z (wt. part}  LipO SiO; MO BaO MgO ZnQO SrO CaO
49 ' 0.02 0.01 0.03 N ! " ' " '’ " " ' '
50 " " 0.03 0.02 0.05 " " " ' ' '’ 't " o '
51 ' ’ 0.05 005 0.10 o ' " o " ' '’ " ' '
52 ” 0.06 006 0.12 ' ' ' ' " ' ' " ' !
53 1.02 0 001 O 0.01 0.03 ' " 55 "5 " ' ' o '
54 " ' 003 0.03 ' . " ' ' ' ' " ' '
55 " o 005 ~ 0.05 " a " i " ! " " " "
56 " ” 0.10 " 0.10 ' . " ' ” " ' * " ¢
57 " ' 0.12 " 0.12 ' ! ' ; " " " " " "
58 0.995 @ 0.005 0.005 " " 30 60 10 " ' o " ”
59 0.97 ” 0.03 0.03 " a '’ "’ "’ " " " ' N
60 095 0.05 0.05 " " Y ! ' ' ” ' "’ '’
61 ” 090 ~ 0.10 0.10 i a " ! " '’ " " " "
62 " 0.88 " 0.12 0.12 i ' ' " " '’ " '’ ' "
63 1.01 0.38 0.0t 001 0.02 a 0 25 70 5 ' " a ' '
64 " " ' “ " B 0.2 ' " o ' ” " ' H
65 " ‘ " ” " "’ ] a r * " " ! "
6 ’ " ' '’ '’ 3 ' '’ ' " ' 't N '
67 ' " o " ! 5 ' ; ' " ' ' " '’
68 v 4 10 O "
69 ' ' ' N ’ 12 ' ' ' " ' ' ' '
70 1.0 O ' ' ‘ 0 2 20 65 15 " " " '’ '
71 " ’ " ' ' 0.002 ' " ! ' ' " ' ' '
72 " 0.005 " oo e "
73" " ! H ' 0.01 ” " " " " "’ " " "
74 e & 0.03 ’ v " e &
75 ' " " " '’ 0.05 " . " " " Y ' " "
76 " ' ' ; 0.10 " ' ' ' " ' ' " "
77 " 7 ! " " 0.12 " " o "’ " t " " "’
78 " 038 " " ' 0 | " 15 60 25 " " ' ' '
79 " o " ' 0.005 '’ ' ' " ' " ' ' '
80 A " " 0.03 o ' ' ' ' " ' " '
gr v " ' N ' 0.05 '’ ' g " " '’ " ' '
g2 ' ' " " 0.10 '’ ' " " ' ' ' " "
83 " ' " " " 0.12 " a " o N " i g "
84 " 099 ” '’ ' 0.01 ' " 65 20 " ' ' ' a
g5 " 0.97 '’ Y 0.03 o ' ' ' " " ' " "
g6 " 095 "~ ' o 0.05 " ' ' ' ‘! " ' ; '
87 " 0.90 " o " 0.10 " ” o o "’ " ' ” "
88 " 098 " o ' 0.12 ' 15 65 20 ' " " ' '
89 099 038 " 0.02 0.03 0.05 ' 30 50 20 ' '’ " ' '
90 1.00 ” N '’ " "o ' " o Y " " o " "
91 1.005 " o '’ " 't ' ' ” ' ' "’ ' " '
92 1.01 ” " ' ' '’ ' ' " " ' ' '’ " "
93 1.03 " o oo ' " ' " " ' " ' " "
94 104 o ; ' '’ ’ ' ' " " "’ ' " '’
95 105 " ' " ' " " ' " " " ’ '’ " "

According to Table 1, the major ingredient of the
dielectric bodies of the capacitors of Test No. 1 was

* {(Sr0.61Ca0.37Mg0.01Zn0.01)0}1.0(Ti0.95Zr0.05)02.  One

‘hundred parts of this major ingredient was admixed 50

- with 2.0 parts by weight of a mixture of 65 mole percent

8107 and 35 mole percent MO. MO was a mixture of 20

- percent BaO, 20 mole percent MgQO, 20 mole percent
ZnQ, 20 mole percent SrO and 20 mole percent CaO.
120 was not used in this particular Test.

For the fabrication of the capacitors of Test No. 1 we
‘started with the preparation of the major ingredient of
their dielectric bodies. We prepared the following start
materials:

- Strontium carbonate (SrCQO3)
- 512.68 grams (0.61 mole part)

- Calcium carbonate (CaCQO3)
- 210.66 grams (0.37 mole part)

‘Magnesium carbonate (MgCO3)

- 4,80 grams (0.01 mole part)

Zinc oxide (Zn0O)
- 4,63 grams (0.01 mole part)
Titanium oxide (TiO»)

55

60

65

432.16 grams (0.95 mole part)

Zirconium oxide (ZrQO3j)

35.08 grams (0.05 mole part)

These start materials had all purities of not less than
99.0 percent. The above specified weights of the start
materials do not include those of the impurities con-
tained. We charged the start materials into a pot muill
together with alumina balls and 2.5 liters of water and
mixed them together for 15 hours. Then the mixture
was introduced into a stainless steel vat and therein
dried by air heated to 150° C. for four hours. Then the
dried mixture was crushed into relatively coarse parti-
cles, which were subsequently fired in air within a tun-
nel furnace at 1200° C. for two hours. There was thus
obtained the major ingredient of the above specified
composition in finely divided form.

For the provision of the additives of Test No. 1 we
prepared:

Si103
BaCO;

49.61 grams (65 mole percent)
17.55 grams (seven mole percent)
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-continued

MgO 3.58 grams (seven mole percent)
ZnQ 7.24 grams (seven mole percent)
5rCO; 13.13 grams (seven mole percent)
CaCO; 8.89 grams (seven mole percent) 5

To these substances we added 300 cubic centimeters
of alcohol, and the resulting slurry was stirred for 10
hours in a polyethylene pot with alumtna balls. Then the
mixture was air fired at 1000° C. for two hours. Then,
charged into an alumina pot together with 300 cubic
centimeters of water, the fired mixture was pulverized
with alumina balls over a period of 15 hours. Then the
pulverized mixture was dried at 150° C. for four hours.
There was thus obtained in finely divided form the
desired additive mixture of 65 mole percent SiO; and 35
mole percent MO, with the MO consisting of seven
mole percent BaQ, seven mole percent MgQO, seven
mole percent ZnQ, seven mole percent SrQ, and seven
mole percent CaO.

Twenty grams (two weight percent) of this additive
mixture was added to 1000 grams of the above prepared
major ingredient. Further, to this mixture, we added 15
percent by weight of an organic binder and 50 percent
by weight of water with respect to the total weight of 25
the major ingredient and additives. The organic binder
was an aqueous solution of acrylic ester polymer, glyc-
erine, and condensed phosphate. The mixture of all
these was ball milled into a slurry. Then this slurry was
defoamed in vacuum.

Then the defoamed slurry was charged into a reverse
roll coater thereby to be shaped into a thin, continuous
strip on an elongate supporting strip of polyester film.
Then the strip was dried by heating to 100° C. on the
supporting film. The green ceramic strip thus obtained,
approximately 25 microns thick, was subsequently
punched into “squares” sized 10 by 10 centimeters.
These green ceramic squares are to become the ceramic
layers 12, FIG. 1, in the completed test capacitors 10.

For the fabrication of the base metal film electrodes 40
14 on the ceramic layers 12, we prepared 10 grams of
nickel in finely divided form, with an average particle
size of 1.5 microns, and a solution of 0.9 gram of ethyl
cellulose 1n 9.1 grams of butyl “Carbitol” (trademark
for diethylene glycol monobutyl ether). Both were
intimately interminged by being agitated for 10 hours,
thereby providing an electroconductive paste. Then
this paste was “printed” on one surface of each green
ceramic square, which had been prepared as above
described, through a screen having 50 perforations of 50
rectangular shape, each sized seven by 14 millimeters.

After drying the printed paste, two green squares
were stacked, with their printings directed upwardly,
and with the printings on the two squares offset from
~ each other to an extent approximately half the pitch of 55
their patterns in the longitudinal direction. The thus
stacked two printed squares were placed between two
separate stacks of four unprinted squres each with a
thickness of 60 microns. The resulting stack of printed
and unprinted squares were pressed in their thickness
direction under a pressure of approximately 40 tons at
50° C., thereby firmly bonding the stacked squares to
one another. Then the bonded squares were cut in a
latticed pattern into 50 laminate chips of identical con-
struction.

We employed a furnace capable of atmosphere con-
trol for cofiring the above prepared green dielectric
bodies and, buried therein, the conductive layers which
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were to become the film electrodes 14 in the completed
capacitors 10. The chips were first air heated 1n this
furnace to 600° C., at a rate of 100° C. per hour, thereby
driving off the organic binder that had been used for
providing the slurry of the powdered major ingredient
and additives. Then the furnace atmosphere was
changed from air to a reductive (nonoxidative) atmo-
sphere consisting of two percent by volume of molecu-
lar hydrogen and 98 percent by volume of molecular
nitrogen. In this reductive atmosphere the furnace tem-
perature was raised from 600° C. to 1110° C. at a rate of
100° C. per hour. The maximum temperature of 1110°
C., at which the ceramic bodies formulated in accor-
dance with our invention were to be sintered to matu-
rity, was maintained for three hours. Then the furnace
temperature was lowered to 600° C. at a rate of 100" C.
per hour. Then, with the furnace atmosphere again
changed to air (oxidative atmosphere), the temperature
of 600° C. was maintained for 30 minutes for the oxidiz-
ing heat treatment of the sintered chips. Then the fur-
nace temperature was allowed to drop to room temper-
ature. |

There were thus obtained the dielectric ceramic bod-
ies 15, FIG. 1, cosintered with the film electrodes 14
buried therein.

We proceeded to the production of the pair of con-
ductive terminations 16 on both sides of each ceramic
body 15 through which are exposed the film electrodes
14. First, for the production of the inmost zinc layers 18,
a conductive paste composed of zinc, glass frit and
vehicle was coated on both sides of each ceramic body
15. The coatings on drying were air heated to 550° C.
and maintained at that temperature for 15 mnutes,
thereby completing the zinc layers 18 each in direct
contact with one of the two film electrodes 14. Then the
intermediate copper layers 20 were formed over the
zinc layers 18 by electroless plating. Then the outermost
solder layers 22 were formed by electroplating a lead tin
alloy over the copper layers 20.

We have thus completed the fabrication of mono-
lithic, multilayered ceramic test capacitors, each con-
structed as in FIG. 1, in accordance with the ceramic
composition of Test No. 1 of Table 1. The composition
of the ceramic bodies 15 of the thus completed capaci-
tors proved substantially akin to that before sintering. It
is therefore reasoned that the sintered ceramic bodies 18
are of perovskite structures, with the additives (65 mole
percent SiO;, seven mole percent BaO, seven mole
percent MgQO, seven mole percent ZnQ, seven mole
percent SrO, and seven mole percent CaO) uniformly
dispersed among the crystal grains of the major ingredi-
ent.

As for the other ceramic compositions of Table 1,
designated Tests Nos. 2 through 95, we made similar
test capacitors through exactly the same procedure as
that set forth in the foregoing in connection the Test
No. 1 composition, except for the temperature of sinter-
ing in the reductive atmosphere, which will be referred
to presently.

All the capacitors of Test Nos. 1 through 95 were
then tested as to their specific dielectric constants, tem-
perature coefficients, Q factors, and resistivities. The
following are the methods we employed for the mea-
surement of these properties:
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TABLE 2-continued
__Firing Temperature & Capacitor Characteristics

Specific Dielectric Constant

The capacitance of each test capacitor was first mea-
sured at a temperature of 20° C., a frequency of one

Electrical Properties

1110 270

megahertz, and an effective alternating current voltage 35 . : Temperature
: _ _ Firing Specific  Coefficient of
of 0.5 volt. Then the specific dielectric constant was Test Temp. Dielectic  Capacitance 0 Resistivity
computed from the measured value of capacitance, the No. (*C)  Constant (ppm/°C.)  Factor (megohm-cm)
area (25 square millimeters) of each of the overlapping 16 ' 266 " 10900 3.0 X 107
- parts of the two film electrodes 14, and the thickness 17 ' 258 — 1040 10000 2.1 x 107
(0.05 millimeter) of that ceramic layer 12 which inter- 10 }g ) %2{2} "iggg 11000 %? X :gz
rr . 'y . X
venes between the film electrodes. 20 y 565 1050 10800 2.5 x 10;
| Temperature Coefficient of Capacitance ‘;; . ;2? ::g‘;g 10500 2.2 X 10
The capacitance Css at 85° C. and capacitance Cyp at 23 ) 265 — 1060 10700 2.4 X 10;
20° C. of each test capacitor were first measured. Then 15 g‘; 190 263 —1050 :gg% 23 X 10
the temperature coefficient TC of capacitance was com- 26 (110 261 1030 10600 2.1 x 107
puted by the equation 27 1120 260 — 1070 10800 2.2 x 107
28 1090 330 — 3450 12000 8.0 X 107
. i 29 1100 300 —2200 11000 5.0 X 19;
gs — €20 1 . 30 1110 260 —1070 10600 2.5 X 10
e ———— Y —— X 100 ).
Irc Coo X o5 X 10°(ppm/7C) 203, 1110 210 — 1400 9800 4.3 x 107
32 1100 180 — 2000 8300 1.3 X 10°
33 1150 230 —900 8200 9.5 x 10°
Q Factor 34 1140 235 —910 8300 9.7 x 10°
35 1130 241 —960 8900 1.3 X 107
The Q factor was measured by a Q meter at a fre- 55 36 1120 250 — 1000 9100 1.6 x 10
quency of one megahertz, a temperature of 20° C,, and g; }}gg ;ég —iégg {m ?-g X }g;
. - | — i )(
an effective alternating current voltage of 0.5 volt. 1 1290 Not coherently bonded on firing. 6
ST 40 1150 250 —900 9800 9.7 X 10
. Resistivity 4 1130 252 —900 10000 1.7 X 107
Resistance between the pair of conductive termina- 10 42 1120 235 —950 10300 1.9 X 10;
- tions 16 of each test capacitor was measured after the 43 110 265 — 850 11300 2.8 X 10?
Lo R R . 44 1100 325 —750 10700 3.2 X 10
L application of a direct current voltage of 50 volts for 45 1120 300 700 9000 1.7 % 107
"~ one minute at a temperature of 20° C. Then the resistiv- 46 1270 Not coherently bonded on firing.
ity was computed from the measured resistance value 47 120 260 — 1000 10000 2.0 X 19;
and the size of the test capacitors. 48 1110 262 — 100 10500 2:4 X 10?
. ! 35 49 269 —1140 10700 3.4 x 10
Table 2 gives the results of the measurements by the 50 2 377 — 1200 10900 4.0 % 107
above described methods, as well as the maximum tem- 51 1120 286 ~1170 9500 2.0 x 107
peratures at which the test capacitors were sintered 1in 52 1260 Not coherently bonded on firing. ,
the reductive atmosphere during their manufacture. It gi 100 3,1,0_ :gg;‘g :?1% _Sl'g i :g-,
will_ be noted from this table that thg specific Qielectﬁc 40 55 1090 160 3450 11600 6.0 % 107
- constants of th_e Test No. 1 capacitors, for instance, 56 1130 320 —3700 11400 3.0 X 107
. averaged 267, their temperature coefficients of capaci- 57 1260 Not coherently bonded on firing. ,
~ tances — 1060 ppm per degree C., their Q factors 10,000, gg 1110 i‘g - }’Bzgg i?gg -{"g i }gs
: - . . a 7 _ . - .
and their resistivities ?.3)( 10 megohm‘ centimeters. €0 ' 200 1650 11200 9.0 % 107
- The temperature coefficients of the capacitances of the ,5 61 1140 " — 1450 9000 6.0 X 107
test capacitors were practically constant in the normal - 62 1250 Not coherently bonded on firing.
range of their operating temperatures, making the ca- gi :-;"f;g a o1 0400 21 x 10
pacitors v_iell suited for use as temperature compensat- 65 1140 247 1000 10500 2.0 % 107
Ing capacitors. 66 1120 245 —980 10000 2.2 X 107
67 1090 240 —970 7500 2.0 x 107
TABLE 2 0 g 1070 228 —950 4700 1.7 "% 107
Firing Temperature & Capacitor Characteristics 69 1050 220 —940 1070 1.3 X 107
| | Electrical Properties 70 1160 278 — 3200 9200 9.8 X 10°
Temberatare 71 1150 280 —3210 9300 9.9 X 10°
B gt cUefEciem o 72 1130 290 ~3230 10600 2.0 x 107
&  Spcclik . L 73 1120 298 — 3200 10900 2.5 X 107
Test Temp. Dielectic  Capacitance Q Resistivity 55 . 7
No (°C.) Constant (ppm/°C.)  Factor (megohm-cm) 74 1110 310 —3250 11200 5.5 X 10
‘ ' ‘ 75 1100 330 — 3450 12000 8.0 X 107
1 1110 267 — 1060 10000 2.3 X 107 76 1130 325 - — 3650 11600 8.5 x 107
2 N " — 1070 " 2.4 X 107 77 1260 Not coherently bonded on firing.
3 ' 265 ~1050 10500 2.5 X 107 78 1150 230 —930 8700 9.5 x 106
4 ' & — 1040 i 4 79 1130 239 —960 9100 1.2 x 107
5 g 260 —1050 9800 22 x 107 60 80 1120 245 — 10000 10000 2.2 X 10
6 ” " v 9900 2.3 X 10/ 81 4 265 — 1200 10500 2.5 X 107
7 " 265 —1040 10500 2.5 x 10/ 82 1110 257 — 1400 10300 5.0 X 107
8 1270 Not coherently bonded on firing. 83 1260 Not coherently bonded on firing.
9 . ' 84 1130 141 — 1860 6300 8.1 x 107
i0 " ' 85 1120 150 — 1900 6700 1.0 x 108
11 " | ' 65 86 1100 180 — 2000 8300 1.3 X 108
12 ' | . ’ 87 1130 168 —2150 6100 1.4 X 108
13 " ' 88 1280 Not ccherently bonded on firing,
14 & | ' 89 1130 281 —570 2100 4.1 x 10°
15 —1070 11000 2.7 x 107 90 1120 267 — 1170 11000 1.1 X 107
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TABLE 2-continued

Finng Temperature & Capacitor Characteristics
Electrical Properties

Temperature

Firing  Specific  Coefficient of >
Test Temp. Dielectic  Capacitance Q Resistivity
No. (°C) Constant (ppm/°C.)  Factor (megohm-cm)
91 & 270 — 1165 10800 2.0 X 107
92 1110 272 —1175 10900 3.4 x 107
93 : 275 — 1180 10700 3.6 X 107 10
04 1120 276 —1190 10000 3.5 x 107
95 1260 Not coherently bonded on firing.

It will be observed from Table 2 that the dielectric
bodies of Tests Nos. 8-14, 39, 46, 52, 57, 62, 63, 77, 83,
88 and 95 were not coherently bonded on firing at tem-
peratures as high as 1250° to 1300° C. in the reductive
atmosphere. The corresponding ceramic compositions
of Table 1 fall outside the scope of our invention. The
dielectric bodies of all the other Tests could be sintered
to maturity at temperatures less than 1200° C.

Before proceeding further with the examination of
the results of Table 2 we will determine the acceptable
criteria of the four electrical properties in question for
the temperature compensating ceramic capacitors pro-
vided by our invention. These criteria are:

Specific dielectric constant:

From 141 to 360.

Temperature coefficient of capacitance:

From —3700 to —700 ppm per degree C.

Q factor:

Not less than 4700.

Resistivity:

Not less than 1.0 X 107 megohm-centimeters.

A reconsideration of Table 1 in light of the above
established criteria of favorable electrical characteris-
tics will reveal that the capacitors of Tests Nos. 33, 33,
40, 69-71, 78 and 89 do not meet these criteria. Accord-
ingly, the corresponding ceramic compositions of Table
1 also fall outside the scope of our invention. All the test
capacitors but those of Tests Nos. 8-14, 33, 34, 39, 40,
46, 52, 57, 62, 63, 69-71, 77, 78, 83, 88, 89 and 95 satisfy
the criteria, so that their ceramic compositions are in
accord with our invention. '

Now, let us study the ceramic compositions of Table
1 and the corresponding capacitor characteristics, as
well as the sintering temperatures, of Table 2 in more
detail. The ceramic compositions of Test No. 63 con-
tained no additive specified by our invention. The di-
electric bodies formulated accordingly were not coher-
ently bonded on firing at a temperature as high as 1300° 0
C. Consider the ceramic compositions of Test No. 64
for comparison. They contained 0.2 part by weight of
the additives with respect to 100 parts by weight of the
major ingredient. Even though the firing temperature
was as low as 1170° C., the resulting test capacitors 355
possess the desired electrical characteristics. We set,
therefore, the lower limit of the possible proportions of
the additive mixture at 0.2 part by weight with respect
to 100 parts by weight of the major ingredient.

The Test No. 69 ceramic composition contained as
much as 12 parts by weight of the additives with respect
to 100 parts by weight of the major ingredient. The
resulting capacitors have an average Q factor of 1070,
far less than the above established criterion of 4700.
When the proportion of the additive mixture was re-
duced to 10 parts by weight, as in Test No. 68, the
resulting capacitors have all the desired characteristics.
Therefore, the upper limit of the possible proportions of
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the additive mixture i1s set at 10 parts by weight with
respect to 100 parts by weight of the major ingredient.

As for the major ingredient, the value of x was vari-
ously determined from zero to 0.995 1n Tests Nos.
28-32, and 58. The characteristics of the resulting ca-
pacitors all came up to the above criteria. The value of
x can thus be anywhere between these limits.

The value of y was set at 0.002 in Tests Nos. 34 and
40. The characteristics of the resulting capacitors were
unsatisfactory, reflecting no effect of the use of Mg or
Zn mm the major ingredient. When the value of y was
increased to 0.005 as in Tests Nos. 35 and 41, the result-
ing capacitors had all the desired characteristics. We
set, therefore, the lowermost value of y at 0.005. The
value of y was made as high as 0.12 in Tests Nos. 39, 46,
52, 57 and 62. The resulting dielectric bodies were not
coherently bonded on firing at temperatures far above
1250° C. The capacitors of the desired characteristics
could be obtained when the value of y was decreased to
0.10 as 1n Tests Nos. 38, 45, 51, 56 and 61. The upper
limit of the possible values of y is therefore 0.10.

The value of k in the formula of the major ingredient
was set at 0.99 in Test No. 89. The resistivities of the
resulting capacitors averaged 4.1 104 much lower than
the desired lower limit of 1.0 107. The above criteria
were all satisfied when the value k was increased to 1.00
as in Test No. 90. The lowermost possible value of k is
therefore 1.00. On the other hand, when the value of k
was made as much as 1.05 as in Test No. 95, the result-
ing dielectric bodies were not coherently bonded on
firing at as high a temperature as 1260° C. The desired
electrical characteristics were obtained when the value
of k was reduced to 1.04 as in Test No. 94. Accordingly,
the greatest possible value of k 1s 1.04.

The value of z in the formula of the major ingredient
was set at 0.002 in Test No. 71. The characteristics of
the resulting capacitors reflect no advantage accruing
from the use of ZrO; in the major ingredient. When the
value of z was increased to 0.005 as in Tests Nos. 72 and
79, all the desired characteristics could be obtained. The
lowermost possible value of z is therefore 0.005. On the
other hand, when the value of z was made as much as
0.12 as in Tests Nos. 77, 83 and 88, the resulting dielec-
tric bodies were not coherently bonded on firing at
temperatures as high as 1260 and more. The desired
characteristics were all realized when the value of z was
reduced to 0.100 as 1n Tests Nos. 76, 82 and 87. The
greatest possible value of z 1s therefore 0.100.

We have ascertained from the results of Table 2 that
the acceptable range of the relative proportions of
11,0, S10> and MO, the additives of the ceramic com-
positions 1n accordance with our invention, can be defi-
nitely stated in reference to the ternary diagram of FIG.
2.

The point A in the ternary diagram indicates the Test
No. 1 additive composition of zero mole percent LiyO,
65 mole percent Si0O; and 35 mole percent MO. The
point B indicates the Test No. 2 additive composition of
zero mole percent Li>O, 60 mole percent SiO; and 40
mole percent MO. The point C indicates the Test No. 3
additive composition of five mole percent LiyO, 45
mole percent Si0; and 50 mole percent MO. The point
D indicates the Test No. 5 additive composition of 50
mole percent Li2O, 50 mole percent SiO; and zero mole
percent MO. The point E indicates the Test No. 6 addi-
tive composition of 25 mole percent LiyO, 75 mole
percent S10; and zero mole percent MO.
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The relative proportions of the additives L1,0, S10;
and MO of the ceramic compositions in accordance
with our invention are within the region bounded by the
lines sequentially connecting the above stated points A,
B, C, D and E in the ternary diagram of FIG. 2.

Tables 1 and 2 prove that the additive compositions
within the above defined region makes possible the
provision of capacitors of the desired electrical charac-
teristics. The additive compositions of Tests Nos. 8-14
all fall outside that region, and the corresponding di-
electric bodies were not coherently bonded on firing at
a temperature of 1270° C. The above specified accept-
able range of the relative proportions of the additives
holds true regardless of whether only one of BaO,
MgO, ZnO, SrO and CaO is employed as MO, as in
‘Tests Nos. 15-19, or two or more or all of them are
employed in suitable relative proportions as in other
Tests.

Although we have disclosed our invention 1n terms of
specific Examples thereof, we understand that our in-
vention is not to be limited by the exact detatls of such
~ disclosure but admits of a variety of modifications or
alterations within the usual knowledge of the ceramists,
chemists or electricians without departing from the
scope of the invention. The following, then, is a brief list
of such possible modifications or alterations:

1. The low temperature sinterable ceramic composi-
tions of our invention may include various additives not
disclosed herein. An example is a mineralizer such as

- manganese dioxide. Used in a proportion (preferably

from 0.05 to 0.10 percent by weight) not adversely
affecting the desired characteristics of the resulting
capacitors, such a mineralizer will lead to the improve-
ment of sinterability.

2. The start materials of the ceramic compositions in

 accordance with our invention may be substances such

as oxides or hydroxides other than those employed in
the foregoing Examples. |

3. The temperature of the oxidizing heat treatment
need not necessarily be 600° C. but can be variously
determined in a range (from 500° to 1000° C. for the best
results) not exceeding the temperature of the preceding
sintering in a nonoxidative atmosphere, the oxidizing
‘temperature being dependent upon factors such as the
particular base metal electrode material 1n use and the
degree of oxidation required for the ceramic material.

4. The temperature of cosintering in a nonoxidative
atmosphere may also be changed in consideration of the
particular electrode material in use. We recommend a
range of 1050° to 1200° C. if the electrode material 1s
nickel, as we have ascertained from experiment that
little or no flocculation of the nickel particles takes
place in that temperature range.

5. The dielectric bodies and electrodes may be cosin-
tered in a neutral, instead of reductive, atmosphere.

6. The ceramic compositions disclosed herein may be
employed for capacitors other than those of the multi-
layered configuration.

We claim:

1. A low temperature sintered solid dielectric capaci-
tor comprising a dielectric ceramic body and at least
two electrodes 1in contact therewith, the dielectric ce-
ramic body consisting essentially of:

(a) 100 parts by weight of a major ingredient ex-

pressed by the formula,

{(Sfl _—X— ycaxM y)O}k(Ti | —zZ17)02,
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where

M 1s at least either of magnesium and zinc;

X is a numeral in the range of zero to 0.995 inclu-
sIve;

y 1s a numeral in the range of 0.005 to 0.100;

k is a numeral in the range of 1.00 to 1.04 inclusive;
and

z 1s a numeral in the range of 0.005 to 0.100 inclu-
sive; and

(b) from 0.2 to 10.0 parts by weight of an additive

mixture of lithium oxide, silicon dioxide and at least
one metal oxide selected from the group consisting
of barium oxide, magnesium oxide, zinc oxide,
strontium oxide and calcium oxide, the relative
proportions of lithium oxide, silicon dioxide and at
least one selected metal oxide constituting the addi-
tive mixture being in that region of the ternary
diagram of FIG. 2 attached hereto which is
bounded by the lines sequentially connecting:
the point A where the additive mixture consists of
zero mole percent lithium oxide, 65 mole percent
silicon dioxide, and 35 mole percent metal oxide;
the point B where the additive mixture consists of
zero mole percent lithium oxide, 60 mole percent
silicon dioxide, and 40 mole percent metal oxide;
the point C where the additive mixture consists of
five mole percent lithium oxide, 50 mole percent
silicon dioxide, and 45 mole percent metal oxide;
the point D where the additive mixture consists of
50 mole percent lithium oxide, 50 mole percent
silicon dioxide, and zero mole percent metal
oxide; and
the point E where the additive mixture consists of
25 mole percent lithium oxide, 75 mole percent
silicon dioxide, and zero mole percent metal
oxide. |

2. A low temperature sintered solid dielectric capaci-
tor as set forth in claim 1, wherein the electrodes are
buried in the dielectric ceramic body.

3. A low temperature sintered solid dielectric capaci-
tor as set forth in claim 1, wherein the electrodes are of
a base metal.

4. A low temperature sintered solid dielectric capaci-
tor as set forth in claim 3, wherein the base metal 1s
nickel.

5. A process for the manufacture of a low tempera-
ture sintered solid dielectric capacitor, which process
COMPTISES:

(a) providing a mixture of:

100 parts by weight of a major ingredient, 1n finely
divided form, that is expressed by the formula,

{(Sr | — x-—_vCﬂxM y)O}I:(Ti 1 —zZrz)02,

where
M is at least either of magnesium and zinc;
x is a numeral in the range of zero to 0.995 inclu-
SIVE;
y 1s a numeral in the range of 0.005 to 0.100
inclusive;
k is a numeral 1n the range of 1.00 to 1.04 inclu-
sive; and
z is a numeral in the range of 0.005 to 0.100 inclu-
sive;
from 0.2 to 10.0 parts by weight of an additive
mixture, in finely divided form, of lithium oxide,
silicon dioxide and at least one metal oxide se-
lected from the group consisting of barium ox-
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ide, magnesium oxide, zinc oxide, strontium

oxide and calcium oxide, the relative proportions

of boric oxide, silicon dioxide and at least one

selected metal oxide constituting the additive

mixture being in that region of the ternary dia-

gram of FIG. 2 attached hereto which 1s

bounded by the lines sequentially connecting:

the point A where the additive mixture consists
of zero mole percent lithium oxide, 65 mole
percent silicon dioxide, and 35 mole percent
metal oxide;

the point B where the additive mixture consists
of zero mole percent lithium oxide, 60 mole
percent silicon dioxide, and 40 mole percent
metal oxide;

the point C where the additive mixture consists
of five mole percent lithium oxide, 50 mole
percent silicon dioxide, and 45 mole percent
metal oxide; |

the point D where the additive mixture consists
of 50 mole percent lithium oxide, 50 mole
‘percent silicon dioxide, and zero mole percent
metal oxide; and

the point E where the additive mixture consists
of 25 mole percent lithium oxide, 75 mole
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percent silicon dioxide, and zero mole percent
metal oxide;

(b) molding the mixture into desired shape and size,
the molding having at least two electrode portions
of an electroconductive material;

(c) cosintering the molding and the electrode portions
to maturity in a nonoxidative atmosphere; and

(d) reheating the cosintered molding and electrode
portions in an oxidative atmosphere.

6. A process for the manufacture of a low tempera-
ture sintered solid dielectric capacitor as set forth in
claim 5, wherein the electrode portions are formed on
the molding by coating the same with an electrocon-
ductive paste composed principally of a base metal.

7. A process for the manufacture of a low tempera-
ture sintered solid dielectric capacitor as set forth in
claim 6, wherein the base metal is nickel.

8. A process for the manufacture of a low tempera-
ture sintered solid dielectric capacitor as set forth in
claim 5, wherein the molding and the electrode portions
are cosmtered to maturity in a temperature range of
1000° to 1200° C.

9. A process for the manufacture of a low tempera-
ture sintered solid dielectric capacitor as set forth in
claim 5, wherein the cosintered molding and electrode

portions are reheated 1n a temperature range of 500° to
1000° C.

E XK % ¥k .
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